Biodiesel is one of the potential alternative energies produced from a variety of vegetable oils. The utilization of a CaO/SiO 2 catalyst generated from eggshell and palm empty fruit bunch (PEFB) waste for biodiesel production from waste cooking oil was investigated. The optimum silica yield extracted from PEFB was 68.2% using 10% NaOH (w/v) at 80
Introduction
An increased demand for energy has arisen due to increased industrial development, transportation, and human growth. The availability of conventional energy sources such as petroleum, coal and natural gas will eventually be exhausted. Fuel from renewable energy such as biodiesel is one of the solutions to replace the limited fossil fuels. 1 On the other hand, the use of fossil fuels can lead to the greenhouse effect from gas emissions and other environmental pollution. Biodiesel is a renewable, sustainable and non-toxic fuel that can reduce the problems of fossil fuel utilization. 2 The main raw material of biodiesel production is commonly vegetable oils such as palm oil, soy, corn, etc.
3 However, the use of vegetable oils is less attractive due to its competitiveness with the fullment of food requirements. 4 Currently, researchers are attempting to develop biodiesel production processes from various waste materials, like used cooking oil. Waste cooking oil is an abundant and low-cost material;
5 however, the high levels of free fatty acids (FFAs) in the oil will be a challenge for researchers.
Biodiesel is generally produced by using homogeneous catalysts such as NaOH and KOH. 6 However, the purication process required is expensive due to the difficulty in handling the separation of the catalyst from the product.
1 Moreover, the catalyst cannot be recovered for reuse; as a result, it is simply disposed of as waste and causes environmental contamination. 7 This issue can be resolved by using a heterogeneous catalyst. Nowadays, researchers are extensively developing biodiesel processes using heterogeneous catalysts. 1, 7, 8 Recently, the use of cesium-impregnated sodium zirconate with soybean and jatropha oils has been observed. 9 Kumar and Ali 10 reported the transesterication of used cotton seed oil using a Li, Na and K catalytic process. The utilization of lithium in the transesterication of canola oil has been demonstrated by Alshari et al. 11 High yields of biodiesel were obtained in these studies; but, unfortunately, the developed catalysts still used commercial materials. Heterogeneous catalysts based on commercial materials are still expensive; hence, the development of heterogeneous catalysts from waste materials should be considered.
Hindryawati and Maniam 12 have demonstrated a prospective waste material as a catalyst, i.e. waste marine sponges, in the ultrasound-assisted transesterication of waste cooking oil. A high yield of biodiesel (98%) was obtained. However, the ultrasound method uses a large volume of solvent and requires a long reaction time. 13 Li et al. have utilized a carbide slag waste material as a heterogeneous catalyst for biodiesel production.
14 However, the yield obtained was about 91% and they used fresh oil, i.e., soybean oil. Therefore, the utilization of waste materials as a heterogeneous catalyst for biodiesel production is still being developed. CaO is one of the potential catalysts for biodiesel production. 15 CaO catalysts can be formed from a calcination process of CaCO 3 . A plentiful waste material -eggshellis a potential material, because it contains more than 94% CaCO 3 . 16 Unfortunately, CaO catalysts have a low surface area of about 13 m 2 g À1 , 17 and catalysts with a higher surface area lead to higher biodiesel yields. 18 To conquer this weakness, the use of a catalyst support such as silica with CaO catalysts should be considered to increase the surface area of the catalyst. Silica has been widely used as a support for many applications of catalytic reactions. 19, 20 This research aims to produce efficient and low-cost heterogeneous catalysts, i.e., CaO/SiO 2 , prepared from eggshell and palm empty fruit bunch (PEFB) waste. Silica for the catalyst support was extracted from palm empty fruit bunches and eggshells were used as the source of CaO. The developed catalyst was used in a transesterication process to produce biodiesel. The characterization of the catalysts using XRD, SEM, BET and FTIR was also performed. The utilization of waste materials as a heterogeneous catalyst for biodiesel production in this work can hopefully reduce the cost of catalyst preparation as compared to the use of commercial catalysts. This is possible due to the abundant availability of palm empty fruit bunches. In addition, waste cooking oil was also used to solve the environmental problem and to promote friendly biodiesel production processes.
Method

Catalyst preparation
Eggshells were initially washed twice using distilled water to remove impurities. They were then dried at 90 C overnight. The dried material was nely crushed and sieved with a 400-mesh sieve. This material was further named as the ne CaCO 3 material. To obtain the CaO catalyst, the ne CaCO 3 material was calcined at 900 C for 2 h.
Support preparation
Palm empty fruit bunches were cleaned of impurities using distilled water and then dried at 100 C overnight. The material was then ground into smaller pieces and sieved with a 20-mesh sieve. The material was further calcined at 700 C for 4 h. Ten grams of the calcined material was further extracted using a solution of 60 mL of NaOH with various concentrations of 7.5% (w/v), 10% (w/v) and 12.5% (w/v) at 80 C for 1 h. These concentrations led to sodium hydroxide molarities of 1.87, 2.5 and 3.125 N. Then, 1 N HCl was carefully dropped into the obtained ltrate to achieve a solution pH of 7; hence, a silica precipitate was obtained. The precipitate was ltered and heated at 90 C overnight. This nal material was further named as the SiO 2 support.
Catalyst formation
The ne CaCO 3 was impregnated with 4 grams of SiO 2 support using 20 mL of distilled water for 2 h. The ratio of catalyst to support used was 10% (w/w) based on the weight of CaCO 3 to SiO 2 , respectively. The solution was then heated at 90 C overnight. The obtained solid material was calcined at 900 C for 2 h. The nal catalyst was further called CaO/SiO 2 . The same method was applied for the palm empty fruit bunch material without the extraction process used as a support. This nal catalyst was named as CaO/PEFB. The performance of both catalysts, CaO/SiO 2 and CaO/PEFB, was compared to a CaO catalyst without a support as a control.
Transesterication process and biodiesel separation
A 100 mL sample of waste cooking oil was placed in a threenecked glass ask. Methanol was carefully poured into the ask with a ratio of methanol to waste cooking oil of 14 molar. The heterogeneous catalyst was added into the ask at a concentration of 8% (w/w). The reaction was further carried out for 90 min at a temperature of 60 C.
The solution aer the reaction process was ltered to separate the solid catalyst from the solution. The catalyst was then washed using distilled water and dried in an oven at 90 C for 5 h. The catalyst was reused for the next transesterication reaction. The ltrate was annealed in a funnel overnight to separate the mixture of biodiesel-methanol and glycerol. The biodiesel-methanol mixture was then evaporated to obtain the biodiesel. The biodiesel was identied by using GCMS (2010S Shimadzu, Tokyo, Japan) equipped with a HP-1 capillary column (ID ¼ 0.25 mm, lm ¼ 0.25 mm, Hewlett-Packard, USA) and connected to a ame ionization detector. Helium was used as the carrier gas at a ow rate of 3 mL min À1 ; the split ratio was 49. The yield of biodiesel was evaluated aer the separation process using the method reported elsewhere.
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Catalyst characterization
The CaO catalyst, silica as the catalyst support and the fresh and used CaO/SiO 2 catalysts were characterized to compare their physical and chemical characteristics. The characterization techniques used for the catalysts included XRD, SEM, BET and FT-IR. XRD (PANalytical X'PERT QUANTIFY, Almelo, Netherlands) was used for phase identication, using copper K-alpha (Cu Ka) radiation with 2q in the range from 10 to 80 at a scan rate of 2 min À1 . The operation voltage and current were kept at 40 kV and 100 mA, respectively. SEM (Inspect S50, Hillsboro, USA) conducted under an electrical potential of 20 kV at 10 000 times magnication, was utilized for the morphological studies. BET (NOVA 1200E, Florida, USA), by applying nitrogen adsorption measurements, was used for observing the surface area. FT-IR (Thermo Scientic Nicolet iS10 FT-IR, Madison, USA), recorded over the range of 500-4000 cm À1 , was utilized for structural studies of the bonded chemical compounds.
Results and discussion
Characterization results Fig. 1 shows the results of XRD characterization for the CaO catalyst, SiO 2 support, fresh CaO/SiO 2 catalyst and used CaO/ SiO 2 catalyst. The silica used here was produced from the extraction of oil palm empty fruit bunches using 7.5% NaOH. 22 On the other hand, fewer peaks were observed for the fresh CaO/SiO 2 catalyst. This may be because the crystalline domains were small, and thus not detected by XRD. 23 Another possibility is that a new phase, such as Ca-Si-O, was formed due to interactions between CaO and SiO 2 on the surface of the catalyst during calcination; hence, their presence could not be detected by XRD. 20, 24, 25 This occurrence probably also supported the observation of a lower intensity of the CaCO 3 peaks in the CaO/SiO 2 catalyst. Fig. 2a-d show SEM images for the CaO catalyst, SiO 2 support, fresh CaO/SiO 2 catalyst and used CaO/SiO 2 catalyst, respectively. Fig. 2a shows the structure of the CaO catalyst without a support, which is like a beehive, 26 with a catalyst texture wherein the particles are agglomerated. 27 As shown in Fig. 2b , strong compact particles were observed for the structure of silica. Fig. 2c shows that CaO was uniformly distributed on the surface of the silica. This supported the previous XRD discussion, as the small crystalline domains of CaO were observed to spread on the surface of the silica as shown in Fig. 2c . On the other hand, the used CaO/SiO 2 catalyst was likely covered by oil; hence, the peaks for CaO were reasonably undetected, as also found in the XRD result. ). 28, 29 The various values of silica surface area depend on the preparation and process of formation. 30 The CaO catalyst supported with silica demonstrated a very high surface area, i.e., 79.8 m 2 g À1 , as shown in Table 1 . Catalysts possessing a high surface area lead to high catalytic activity in biodiesel production. 31, 32 The low surface area for the used CaO/SiO 2 was due to the closure of the catalyst surface by oil, supported by the previous characterization results. Fig. 3 is assigned to ester carbonyl functional groups of the triglycerides. 37 These peaks observed for the used CaO/SiO 2 catalyst were obviously due to the presence of oil covering the catalyst; thus, they again conrm the previous characterization results. Fig. 4 shows the results of silica extraction from oil palm empty fruit bunches. The optimum yield of silica was obtained at the sodium hydroxide concentration of 10%. It was reported that a higher yield of silica extraction from rice hull was obtained by increasing the concentration of sodium hydroxide. 38 The silica yield in their work was in the range of 35-89% using a concentration of 0.25-1 N of NaOH. There is no silica extracted using a concentration of less than 0.25 N and no improvement in the silica yield for concentrations higher than 1 N. The yields of extraction obtained here were 62.9%, 68.2% and 52.7% for the utilization of a sodium hydroxide concentration of 7.5%, 10% and 12.5% (w/v), respectively.
Extraction of silica
The lower yield of silica obtained and the higher sodium hydroxide concentration used in this work were attributed to the higher amount of minerals in palm empty fruit bunches compared to rice husk. 39 The absence of these minerals is an important parameter in the extraction of silica.
38 At higher concentrations of NaOH (12.5%), less silica was extracted, because the amount of solvent became saturated in the system. Hence, the silica became more difficult to extract. Fig. 5 shows the result of the transesterication process from waste cooking oil using catalysts of CaO, fresh CaO/SiO 2 , CaO/ PEFB and used CaO/SiO 2 (aer 3 cycles). The CaO catalyst prepared from eggshells was capable of producing biodiesel with a yield of 78%; this shows that eggshell waste is a prospective source of catalysts for biodiesel applications. On the addition of a support to the catalyst, the yield of biodiesel was increased to 96%. This increase in yield was related to the increase in the surface area of the catalyst.
Transesterication of waste cooking oil
18 A higher surface area leads to the improvement of the catalyst activity, 40 thus accelerating reactions on the surface of the catalyst.
The reusability and stability are also important parameters for biodiesel production to be economically feasible when applied on an industrial scale. 41 The CaO/SiO 2 catalyst aer three runs showed an insignicant change in performance with a decrease in yield of only 1%. In previous reports, the decrease in yield aer three cycles was substantial for CaO catalysts at up to 5-20%. [41] [42] [43] To eliminate the extraction process and the usage of chemicals and energy, the CaO was directly supported on palm empty fruit bunch powder via an impregnation method. As compared to the CaO catalyst, the performance of CaO/PEFB was slightly enhanced from 78% to 83%. Fig. 6 shows a chromatogram of the biodiesel product produced using the CaO/SiO 2 catalyst. The components of methyl palmitate (C 17 ), methyl 11-cyclohexylundecanoate (C 18 ), methyl linoleate (C 19 ), methyl oleate (C 19 ) and methyl stearate (C 19 ) are present in the biodiesel with mole percentages of 22.55%, 4.44%, 10.90%, 53.41% and 5.69%, respectively ( Table  2 ). The biodiesel generally produced through direct transesterication processes contains fatty acids in the range of C 16 -C 20 ;
44-46 the biodiesel obtained here was consistent with the previous literature in terms of fatty acid type. On the other hand, the composition of biodiesel is also associated with the source of natural oil used, 47 because many factors such as soil characteristics, plant maturity, climate and genetics of the plant affect the fatty acid composition. It has also been reported that the fatty acid composition in biodiesel produced via direct trans-esterication from various vegetable oils is typically in the range of C 15 -C 24 .
48-50
Comparison of various catalyst types Table 3 presents a comparison of several types of catalysts utilized for biodiesel production using waste cooking oil. As shown in work #1, biodiesel could be produced using a homogeneous catalyst; however, the yield is still below 90%. To reduce the formation of foam due to a high FFA (free fatty acid) content, and thus consequently increase the yield, a mixed process (work #2) of using homogeneous acid and heterogeneous base catalysts was used. An improvement in the yield (96%) was observed. Nevertheless, the process requires a costly separation process. Work numbers #3, #4 and #5 show transesterication processes using commercial materialbased heterogeneous catalysts, with potential yields in the range of 79.7-98.9% being observed. The reactions were processed at high temperature and mol ratio of reactant. It has been reported that reaction processes using such mixed oxide catalysts require high temperatures and pressures during the process. 60 Moreover, the commercial catalysts are not cheap. This will consequently increase the cost of biodiesel production and its sale, thus limiting biodiesel applications on a larger scale over other potential catalysts.
61 Therefore, it is highly recommended to use waste materials as heterogeneous catalysts in biodiesel production. Potential waste materials including golden apple snails, mereterix venus, chicken bone and mereterix mereterix (clamshell) as heterogeneous catalysts utilized in biodiesel production were reported in work numbers #8, #9, #10 and #11. The obtained yields of biodiesel were still below 90%, and the values were comparable to those of our work (#12). It has been reported that only a few waste materials can be employed for biodiesel production from a waste cooking oil type of feedstock.
62 This is because the high content of FFAs in WCO contributes to a reduction in biodiesel yield. As recently reported by Tshizanga et al., 63 a higher surface area catalyst could signicantly mediate the transesterication of WCO containing a high FFA content. Therefore, here the presence of silica in the CaO catalyst resulted in a signicant increase in the yield of biodiesel (#13), associated with the high surface area obtained. This reveals that such heterogeneous catalysts sourced from waste materials will always be of major interest in the development of biodiesel production processes.
Future work
The developed catalyst obtained in this work showed a number of potential results in increasing the yield of biodiesel. Moreover, the palm empty fruit bunch and eggshell waste materials are abundantly available. The activated PEFB could also be directly used as the support of a CaO catalyst. Bearing in mind that biodiesel production was achieved without a chemical extraction process and the amount of CaO was only one-tenth the amount of PEFB, this catalyst is a prospective material to be applied on an industrial scale. For this, it is strongly recommended that a pilot plant and the economic feasibility of the catalysts be studied in future work. Because the raw materials for the developed catalysts and the used oils are waste materials, the policy of waste usage and its collection should also be supported by the government of each country. In addition, the biodiesel production process should be developed to not only reduce the cost of the process (by using a heterogeneous catalyst without chemical processes of separation) but also minimize the waste-related environmental issues.
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Conclusions
Silica as a support for a CaO catalyst could be extracted from palm empty fruit bunches (PEFBs). The presence of a silica support in the CaO catalyst signicantly increased the surface area from 2.8 to 79.8 m 2 g À1 . This resulted in an improvement in the biodiesel yield from 78 to 96%. Three cycles of catalyst use led to only a 1% drop in the biodiesel yield. The CaO catalyst supported on activated PEFB resulted in an improvement in the biodiesel yield from 78 to 83%.
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